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Abstract

The Physics, Instrumentation and Sensing Department
of ONERA is developing activities on Electric Propulsion
which are based on its expertise in plasma physics, optical
diagnostics and ultra sensitive accelerometers. Main
efforts are devoted to spectroscopic analysis of the SPT
thruster and developments for drag-free applications with
low thrust engines.

Presentation

ONERA, the French Aeronautics and Space
Research Centre, is a public, scientific and technical
establishment with both industrial and commercial
responsibilities. The expertise of ONERA covers all
the scientific disciplines involved in aircraft,
spacecraft and missile design. It makes ONERA an
essential partner in the French and European
aeronautics and space community.

Electric propulsion activities are managed by the
Physics, Instrumentation and Sensing Department. Optical
diagnostics in combustion and  hypersonic flows,
development of ultra-sensitive accelerometers for earth
observation and fundamental physics missions, plasmas
studies, are some of the experimental competence of the
department which can find fruitful applications in the field
of electric propulsion. Developing its own facilities,
dedicated to small SPT and similar low thrust engines,
ONERA, as a member of the Research Group ‘ Plasma
Propulsion for Orbital System’ is working on application
of the LIF technique to the french scientific program on
plasma thrusters. At a four decades lower thrust level,
FEEP thrusters are associated with ONERA’s
accelerometers in scientific space projects where the non
gravitational force field environment of the spacecraft must
be precisely controlled. Electric propulsion offers to the
concept of drag -free satellite many others opportunities.
ONERA is leading studies within an internal research
effort on nanogravity and drag-free application of micro-
thrust electrical engines. These studies are illustrated below
through the description of the test facilities, the presentation
of recent LIF measurements on SPT50 and of our
contribution to drag-free missions.

Experimental Setup
The main test facility (Figure 1) is based ona vacuum

test chamber (L = 4m, D = 1m) equipped with a
turbomolecular and a cryogenic pumping system. The
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pressure level is 2 10”° mbar at a Xenon flow rate of 1 mg
s,
A SPT50 type thruster is currently under test and
various new diagnostics are being developed since our

previous spectroscopic measurements' , namely :

B Application of Laser Induced Fluorescence
technique to the mapping of Xenon ions
velocities at the SPT thruster exit,

B Equipment of the vacuum chamber with a
thrust balance in the range 1mN - 40mN for
application to small SPT thrusters (Figure 2),

B Development of a very low thrust balance
(0.1IuN - 100uN) for applications to FEEP
thrusters and drag-free missions. (Figure 3).

Laser Induced Fluorescence Measurements

LIF spectroscopy is a well suited non intrusive
technique for a high spatial resolution measurement
of the velocity components of the ions, in the
thruster channel and in the plume. This technique
was previously applied for velocity measurements
of Xe* ions in SPT by probing either the excited
state 5d [4]s, at 834.7 nm? or the metastable level
5d [3];pat 605.1 nm”.

Exciting the fluorescence along the axial or
radial axis of the thruster allows us to deduce the
axial or radial velocity from the Doppler shift
measurement with a high signal to noise ratio.
ONERA applied its experience in spectroscopy to
probe the SPT ions inside the channel and in the
near-field zone outside the exit plane at both
wavelengths, 605.1 and 834.7 nm. LIF experiments
are conducted using a ring dye laser pumped by an Ar*
laser ( Spectra Physics 380, 2040) for the excitation
at 605.1 nm and an external - cavity diode tuned
laser (SDL-TC10) at 834.7 nm. This compact and
easy to use laser appears well adapted to perform
measurements on different sites.

The fluorescence excitation spectra presented
below are recorded in a non oscillating regime of
the SPT the typical parameters of which are :

- discharge voltage = 300V

- anode current 095 A

- Xe flow rate 10.2 sccm

The measured thrust corresponding to this
operating state is equal to 14 mN.
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Measurements at 605.1 nm and 834.7 nm

We recently reported on mesurements® of the
ionic velocity components deduced from LIF at
605.1 nm. At a distance of 30 mm beyond the exit
plane of the SPT50, a directed flux of fast ions is
observed together with a slow ions cloud
characterised by a widely spread velocity
distribution around 2000 ms’ . The radial
component of the high speed ions population
exhibit a linear variation of 450 ms™'/mm with the
radial position. At the mean radius position ions
have a slow outward component equal to 250 ms” .

Looking at the axial velocity around the thruster
exit is instructive because it allows us to locate the
acceleration zone and evaluate the electric field
distribution as dv/dz o E(z)/v.

Measurements along the axis have been
completed by recording, at both wavelength, the
spectra at z=-3mm (inside the channel) and at z=
+2mm (Figures 4, 5). In both case the precision of
the measurement is + 100ms ™.

The records at 834.7 nm are characterised by a
large signal to noise ratio (160 and 70 at -3mm and
+ 2mm against ~20 at 634.7 nm). This allows us to
determine precisely the slow ions velocity
distribution by the observation of a continuous flat
contribution above 1000 ms™.

The variation of the axial velocity along the
channel axis is plotted on Figure 6 together with the
magnetic field profile, B/(z) which is measured by a
Hall sensor along the mean radius channel.

We observe a good agreement between the
measured values at each wavelength (cf. Table I)

Table 1 - Axial ion velocity upstream and

downstream the exit plane (Vg = 300V).

z (mm) -3 +2 + 30
Vz (kms'l)
605.1 nm 2.5 15.0 18.74

834.7 nm 2.93 16.25 18.82

Energy (eV)
605.1 nm 43 154 240
834.7 nm 6 181 242

In this first step, both spectra were not recorded
simultaneoulsy. Beside a possible difference in the
behaviour of both excited states of the Xe" ions, the
discrepancy must first be found in the slight
variations of the SPT characteristics (anode and coil
current and and in the axial position of the detecting
optical fiber: in this high field region, about
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200Vem™, a few volts are easily gained on a few
hundreds pm.

In the case of this configuration, most of the
acceleration is seen to take place across the exit
plane and a significant electric field still exists
downstream.

Acxial profile of the axial velocity

Further detailed measurements were then
conducted at 834.7 nm at several points inside and
outside the channel to confirm this profile. The
spatial resolution is lmm inside and 0.6 mm
outside. The corresponding spectra are displayed on
figures 7a and 7b.

On figure 7a, the three internal spectra, detected
near the anode (-23 mm), at z=-8mm and near the
exit plane (z=-3mm) are shown, normalised to the
latter one. Ions are detected near the anode with an
intensity which is equal to that obtained at +
30mm ; the Doppler shift is unambiguously positive
and corresponds to a velocity equal to 240 ms”.
Near the exit plane, 6eV detected ions (cf. Table II)
indicate the beginning of the acceleration zone. The
intermediate spectrum is centred on the reference
one and a null velocity is attributed to the ions.

Table II - Ions axial velocity and kinetic energy
inside the SPT50 channel(300V, 0.95 A, 10.2 sccm).

z (mm) -23 -8 -3
Vz(kkms’) [ 024 0 [293
Ec (eV) 0.4 0 6

External excitation spectra up to 30 mm beyond
the exit plane are shown on figure 7b. Although the
Doppler shift is large in that case, the full spectrum,
from the reference to the shifted line, is obtained in
one continuous scan.

The spectra amplitude shows an exponential
decay which could be attributed to the finite lifetime
of the excited level, neglecting the small influence
of the density variation in the probed volume (as
indicated by radial velocity at 30 mm, ions are
propagating without any significant deviation from
the channel axis). An estimated lifetime of 150 ns is
deduced.

Low speed ions are detected from the exit plane
to 50 mm as a signature of an ambient plasma and
charge exchanged ions. The plasma results from an
over-sized cathode with a high flow rate (~ 3 sccm),
and accelerated electrons in an electric field due to
a magnetic field still noticeable at the position of
the cathode (~ 0.3 Buax at x= 15 mm).

Axial velocity and kinetic energy are recalled in
Table IIIl. The entire axial velocity profile is
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displayed on figure 8. Ions are continuously
accelerated from z = -3 mm up to 50 mm, reaching
an energy equal to 245 eV (nearly the maximum
energy) which is 55V less than the discharge
voltage. Most of the acceleration (171 eV) occurs
on a narrow layer between -3mm and + 2 mm but is
still significant beyond (68 V).

Table III - Ions axial velocity and kinetic energy
downward the exit plane(300V, 0.95 A, 10.2 sccm).

Z 2 3 4 10 20 30 50

vz | 16.10]16.55]17.12 | 18.15 | 18.60 | 18.77 | 18.92

Ec 177 187 | 200 | 225 | 237 | 241 | 245

Further developments

These first results confirm how powerful LIF
spectroscopy can be for a better understanding of
physical processes involved in SPT thrusters. The
spatial resolution which can still be improved leads
to a precise determination of the acceleration zone
and the E-field profile in the channel and in the near
field region where other diagnostics are difficult to
use. The precision of the measure allows to detect
small influence of input parameters on the velocity
profile. So, the onset of the acceleration zone as
appreciated from the ion energy at z=-3mm is
shown to be displaced downstream at increasing
discharge voltage (200 V to 300V) and upstream
with magnetic field strength. Respective decrease
and increase of the ions energy are a few electron-
volts.

Next steps will consistin supplementary
measurements in the channel and downstream with
an improved spatial resolution on SPT 50 and on
SPT 100 in the CNRS PIVOINE facility.
Simultaneous detection of the axial velocity at both
wavelength and of the two velocity component are
also planned.

Drag Free Space missions

Based on the electrostatic suspension of a proof
mass, the accelerometers developed by ONERA
(Figure 9) have been specially designed and
optimised for space applications. The principle of
operation of a servo-controlled electrostatic sensor
consists in measuring the forces (hence the
acceleration) necessary to maintain the proof mass
motionless at the centre of the accelerometer cage.
Capacitive sensors with a resolution which can be
better than 10"° mHz'? have been developed to
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determine its relative motion and attitude with
respect to the cage centre.

Electrostatic accelerometers have been proved
well adapted to space missions which require a high
resolution acceleration measurement™® ( test of the
equivalence  principle,  gravitational =~ waves
detection, earth gravitational field, ...). Very low
thrust engines such as FEEP are identified as key
actuators of the sophisticated control loops involved
in such missions requiring a drag free satellite. In
that case, the trajectory of the spacecraft is
controlled so that the cage centre always coincides
with the centre of mass of the proof mass which
follows a purely gravitational motion. Ultra-
sensitive accelerometers and FEEP thrusters are
important components of drag free systems.

To lead advanced research and contribute to
technological solutions to enable these future
missions, dedicated either to scientific or
technological objectives (autonomous navigation,
constellations and clusters of satellites), various
research teams of ONERA have been federated
within an internal plan on nanogravity, drag-free
systems and electric propulsion. Field of studies
are ultra-sensitive drag-free accelerometric sensors,
drag-free demonstrators in space and at laboratory
and drag-free missions.

Today the main effort concerns the uSCOPE
Project and the development of a sensitive balance
for the characterisation of FEEP thrusters.

USCOPE Project

Strongly involved in the well known projects of
fundamental physics as LISA or STEP, ONERA, in
collaboration with CERGA, proposed to CNES the
microsatellite project uSCOPE. This project aims to
verify the Equivalence Principle with a precision of
10", 3 orders of magnitude better than ground-
based experiments. Besides this scientific objective,
the pSCOPE mission will give the opportunity of
the first European flight of a continuous drag-free
demonstrator. It will provide technological
information of interest for all the future missions of
this kind.

The project is conceived as the payload of the
usatellite (100kg, 0.6m * 0.6m * 0.5 m) of the
product line developed by CNES to be launched as
ASAP passenger of ARS around 2003.

The sensitive part of the differential
accelerometers consists in two coaxial proof-masses
of different materials (Pt-Ti) which continuously
« fall » along an helio-synchronous orbit at altitude
of 600-700 km. The spacecraft is spinned about the
normal to the orbit at f;= 3 10 Hz, a few times the
orbital frequency, fo. EP violation will induce a
relative motion of the masses which is detected at a
well known frequency fgp equal to f; + fo. Drag-free
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system will limit the common mode acceleration at
a level 2 10 ® ms Hz "% This will be obtained by 4
clusters of 2 FEEP thrusters, as developped by
Centrospazio7 or ARCS®. They will be diagonally
disposed on +X and -X panels, normal to the
velocity axis, to compensate the non gravitational
perturbations.

Very Low Thrust Balance

A balance has been designed to measure the thrust
and its fluctuations of a FEEP thruster (Figure 10).
The principle of the balance is a pendulum with thin
flexible metal foil. It works as an inclinometer and
the output of a very sensitive accelerometer is used
to detect the thrust-induced tilt of the platform along
the thruster axis. To the first order the angular
deviation, 6 and the detected acceleration, Yy, are
given by :

T
Y =g0=——- (¢))
m

where Lt and Lg are the lever arms of the thrust and
of the pendulum weight. This ratio is maximised by
adjusting the center of mass near the pivot axis to
obtain a few tens of nano-g for the measured
component of the acceleration, at a thrust level of
0.1 uN which is the aimed resolution. A feedback
loop with a magnetic counteraction allows to work
at null deflection in the required bandwidth (10'4 Hz
- 0.1 Hz). Testing the balance is now in progress
and experimental specifications are under
determination.

Simulation of a drag force effect can be obtained
by driving the magnetic actuator with a time
dependant law accordingly a representative in-orbit
variation profile. A laboratory drag free
demonstrator can be realised by driving the thruster
to counterbalance this unwanted movement of the
platform. A one-axis drag-free loop is so obtained
using a sensor and an actuator similar to the ones
planned for the mission. Control laws will be
defined and tested to obtain the mission
requirements on the residual acceleration in a
ground environment.

Conclusion

Electric propulsion activities recently increased
at ONERA from well established competence in the
domain of spectroscopy, plasmas and inertial
sensors. Plasma propulsion and drag-free satellites
are today the two main fields of interest.
Experimental facilities and application of LIF
spectroscopy technique to SPT thrusters have been
illustrated here by the first european results on ion
velocity profile in SPT50. Measurements on
SPT100 in the CNRS PIVOINE chamber is planned
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within few months. Two photons LIF to determine
the neutral Xenon density is now in progress.
Development of very sensitive accelerometers
made ONERA a major participant to space projects
as GOCE, STEP or LISA which all require
satellites with some level of drag compensation.
ONERA is responsible of the uSCOPE project for
the test of the Equivalence Principle, recently
selected by CNES as one the next microsatellite
missions to be launched. Developed in the
framework of its own research effort in drag
compensation system, we presented a thrust balance
equipped with an accelerometer to reach the
resolution objective of 0.1 uN. Applications to
FEEP thrusters for thrust characterisation and
validation at ground of a drag-free loop on a single
axis system will allow to reach the technological
demand for this mission and the following ones..
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Fig. 2 - ImN - 40 mN thrust balance
(developed by MAI)
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Fig. 4 - Fluorescence excitation spectra inside (-3
mm) and outside (+2 mm) the SPT 50 channel at
605.1 nm.

Fig. 3 - FEEP dedicated balance (0.1uN -100uN)
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Fig. 5 - Fluorescence excitation spectra inside (-3
mm) and outside (+2 mm) the SPT 50 channel at
834.7 nm.
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Fig. 6 - Axial profile of the normalised radial magnetic field
and axial ion velocity (Bmax = 130 G)
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Fig. 7 - Internal and external fluorescence excitation spectra of Xe*', 5d [4]s, ions
(300V, 0.954, 10.2 sccm, 3107 mbar)
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Fig. 8 - Axial ion velocity profile deduced from LIF measurement at 834.7 nm (cf.Fig.7)
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Fig. 10 - General view of the low-thrust balance
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